Introduction {#sec1}
============

The efficient interconversion of electrical and chemical energy requires molecular-level control over critical redox transformations involving small-molecule substrates such as O~2~, H~2~O, and H~2~ at or near electrode surfaces.^[@ref1]−[@ref33]^ Discrete molecular catalysts typically proceed through mediated pathways in which the catalyst is oxidized or reduced prior to substrate activation. As an example, a molecular catalyst for the hydrogen evolution reaction (HER), M, could proceed through a pathway in which M is reduced by two e^--^ to generate a M^2--^ species that then binds a proton to make a M--H intermediate. In this simplified mechanism, subsequent proton transfer (PT) would generate H~2~ and regenerate the catalyst ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). If proton transfer to the M^2--^ species is rate-limiting, this mechanism would give rise to the free energy diagram depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. For this mechanism, varying the applied potential (*E*~applied~) modulates the driving force for reducing M to M^2--^, but does not affect the driving force for protonating M^2--^ to generate M--H (Δ*G*~M--H~). Thus, for this sequence, the maximum driving force for substrate conversion is pinned by *E°*(M^0/2--^) irrespective of the potential applied to the electrode, *E*~applied~. While there are many pathways by which a hydrogen evolution catalyst may operate,^[@ref34],[@ref35]^ to the best of our knowledge, all reported molecular HER catalysts proceed through stepwise redox mediation pathways in which one or more electron transfer (ET) steps precede a chemical rate-determining step for binding a proton.^[@ref4],[@ref5],[@ref14],[@ref28],[@ref29],[@ref31],[@ref33],[@ref34],[@ref36]−[@ref40]^ Due to the ubiquity of these stepwise mediated pathways, molecular electrocatalyst design has focused on optimizing the reduction potential of the molecule and correlating this value to the overall reaction rate.^[@ref1],[@ref2]^

![Mechanistic pathways and corresponding free energy diagrams for hydrogen evolution catalysis at a molecule vs graphite-conjugated catalyst. (a) Molecular catalyst (M) mediates the conversion of 2 H^+^ and 2 e^--^ to H~2~ through a stepwise pathway involving two-electron transfer followed by substrate activation. (b) Free energy diagram for the catalytic cycle in part a. (c) Graphite-conjugated M catalyzes the conversion of 2 H^+^ and 2 e^--^ to H~2~ directly through an M--H intermediate on the surface. (d) Free energy diagram for the catalytic cycle in part c. *F* is Faraday's constant, *E*~applied~ is the applied potential, and Δ*G*~s~ is the driving force for forming the M--H intermediate.](ja9b04981_0001){#fig1}

These stepwise mediated pathways impose several inherent drawbacks. Taking the pathway in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a as an example, we note the following: (1) The energy of the reduced catalyst is necessarily higher than that of the M--H intermediate; (2) the maximum rate of catalysis is pinned because changes in *E*~applied~ beyond *E°*(M^0/2--^) do not further increase the rate of H^+^ activation; (3) the minimum necessary value of *E°*(M^0/2--^) is dependent on the p*K*~a~ of the proton donor, so changing the electrolyte environment can require a redesign of the catalyst to augment *E°*(M^0/2--^); and (4) the rate of substrate activation typically scales with the effective overpotential dictated by the redox couple, impeding simultaneous access to low overpotentials and high rates.^[@ref43]−[@ref45]^ While we are using the HER pathway in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a as an example, we stress that similar constraints exist for *all* mediated pathways, i.e., pathways in which outer-sphere ET from the electrode and substrate activation occur in separate elementary steps. Thus, these constraints exist, to varying degrees, in all molecular electrocatalysis.

In principle, these challenges can be overcome by designing catalysts that proceed exclusively through pathways involving concerted ET and substrate activation. However, even in elementary steps, concerted pathways are rarely observed due to the slow nuclear motion of the substrate relative to electron transfer and the prohibitively high activation barrier associated with a ternary transition state.^[@ref24]^ Despite extensive studies of concerted proton- and halide-coupled electron transfer elementary steps,^[@ref46]−[@ref49]^ to the best of our knowledge, rate-determining steps in which ET and substrate activation are concerted have not been observed in molecular electrocatalysis. Even molecular catalysts that preorganize PT via moieties in the secondary coordination sphere proceed through stepwise pathways.^[@ref6],[@ref8],[@ref14],[@ref33]^

We have previously shown that conjugating a molecule to a graphitic carbon electrode through an aromatic pyrazine linkage engenders strong electronic coupling between the electrode and the appended molecular unit.^[@ref50]−[@ref200]^ This observation raises the tantalizing possibility that these graphite-conjugated catalysts (GCCs) may carry out substrate activation without being constrained by the redox intermediates ubiquitous in molecular electrocatalysis. Here, we demonstrate that electronically coupling a molecular hydrogen evolution catalyst to an electrode forces a direct pathway in which ET and PT are concerted by *eliminating access* to stepwise redox mediation pathways ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c and d). Specifically, we conjugate a known Rh-based molecular HER catalyst to glassy carbon electrodes and compare the electrokinetic profile to that of the molecular analogue. We selected the HER as a rigorous test reaction because direct, unmediated hydrogen evolution pathways *must* proceed via rate-limiting concerted proton--electron transfer (CPET) steps, which are readily identifiable experimentally. Additionally, we directly probe the valence state of the Rh-based GCC (GCC-Rh) during catalysis using in situ X-ray absorption spectroscopy. We show that hydrogen evolution catalysis at the GCC proceeds exclusively via CPET without first reducing the metal center ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Consequently, the driving force for H^+^ activation is no longer pinned by the reduction potential of the molecular analogue, but is instead directly modulated by the applied potential ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).

Results and Discussion {#sec2}
======================

Synthesis of Molecular Rh Catalyst and GCC-Rh {#sec2.1}
---------------------------------------------

Water-soluble \[RhCp\*(bpds)Cl\]^−^ (Cp\* = pentamethylcyclopentadienyl, bpds = bathophenanthrolinedisulfonate) was synthesized by modification of a literature procedure,^[@ref53]^ and GCC-Rh electrodes were prepared via treatment of carbon surfaces with \[RhCp\*(phenda)Cl\]^+^ (phenda = 5,6-diamino-1,10-phenanthroline) following procedures described previously ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref52]^ (Full synthetic details are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf).)

![Synthesis of GCC-Rh](ja9b04981_0007){#sch1}

RhCp\*(bpds)OH~2~ is only active at low pH {#sec2.2}
------------------------------------------

The {RhCp\*(bpy)} fragment is a known catalyst for HER in low-pH aqueous electrolytes^[@ref54]^ and nonaqueous electrolytes with strong acids.^[@ref40]^ For RhCp\*(bpds)OH~2~, formed by aquation of \[RhCp\*(bpds)Cl\]^−^,^[@ref55]^ we also observe HER catalysis at pH 1 (0.1 M HClO~4~) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), with an onset of 0.05 mA cm^--2^ at −0.45 V vs the normal hydrogen electrode (NHE). At pH 4 (0.1 M sodium formate), catalytic onset shifts by −0.2 V, and an irreversible Rh^III/I^ prefeature is observed at −0.45 V vs NHE ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). We attribute the prefeature to the formation of a Rh hydride, Rh--H, as has been invoked previously.^[@ref40]^ Under these conditions, HER catalysis is mediated by subsequent reduction of the Rh--H species. By pH 7, we no longer observe catalysis out to −0.9 V vs NHE. Based on the onset potentials observed in these cyclic voltammograms (CVs), we have qualitatively denoted the region of HER catalysis for RhCp\*(bpds)OH~2~ in orange in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![pH-dependence of hydrogen evolution catalysis at RhCp\*(bpds)OH~2~ vs GCC-Rh. Cyclic voltammograms (CVs) (10 mV s^--1^) of 0.3 mM RhCp\*(bpds)OH~2~ in (a) 0.1 M perchloric acid (pH 1), (b) 0.1 M sodium phosphate (pH 7), and (c) 0.1 M sodium hydroxide (pH 13). CVs (10 mV s^--1^) of GCC-Rh (blue) and GCC-phenazine (black) in (d) 0.1 M perchloric acid (pH 1), (e) 0.1 M sodium phosphate (pH 7), and (f) 0.1 M sodium hydroxide (pH 13).](ja9b04981_0002){#fig2}

![Potential vs pH (Pourbaix) diagram. The black line denotes the thermodynamic potential of hydrogen evolution. The red triangles mark *E*~1/2~(Rh^III/I^). The dotted red line is a guide to the eye and shows extrapolated values for *E*~1/2~(Rh^III/I^) in the pH range in which the hydrogen evolution reaction (HER) occurs. The orange region denotes the potential-pH region in which RhCp\*(bpds)OH~2~ catalyzes HER. The blue region, which includes the orange region, denotes the potential-pH region in which GCC-Rh catalyzes HER, and the blue circles mark a per-site turnover frequency of 1 s^--1^. The dotted blue line is a best fit line with a slope of −68 mV/pH unit.](ja9b04981_0003){#fig3}

At more alkaline pH values, RhCp\*(bpds)OH~2~ is not an HER catalyst. Instead, CVs recorded at pH 7 (0.1 M sodium phosphate), pH 9 (0.1 M sodium borate), and pH 13 (0.1 M sodium hydroxide) only display quasi-reversible Rh^III/I^ waves at −0.50 V, --0.53 V, and −0.62 V vs NHE, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [2](#fig2){ref-type="fig"}c, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (red triangles), and [Figures S2--S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). We attribute the slight decrease in the Rh^III/I^ reduction potential, *E*~1/2~(Rh^III/I^), with increasing pH to a two-electron reduction coupled to loss of OH^--^ in more basic conditions. Together the data show that HER catalysis at low pH is replaced by catalytically inert Rh^III/I^ redox processes in alkaline media.

The fact that HER from RhCp\*(bpds)OH~2~ is only observed in low-pH electrolytes is a consequence of the dramatic change in the strength of the proton donor in solution vs the weak pH-dependence of the reduction potentials of the molecule. We note that in our experiments, the proton donor is likely the buffer, and the p*K*~a~ of the buffer closely matches the pH at which each experiment was conducted. Thus, the black line in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} is a good approximation of the thermodynamic potential for HER in each electrolyte.^[@ref56],[@ref57]^ As the pH increases, the acidity of the donor decreases, but the basicity of the Rh^I^ intermediate and the subsequently formed Rh--H species remain the same. This mismatch leads to a progressive decrease in driving force for proton transfer to the catalyst, and eventually catalysis shuts off.

GCC-Rh Is Active Across the Entire pH Range {#sec2.3}
-------------------------------------------

In contrast to the molecule, GCC-Rh catalyzes HER across all pH conditions. CVs of GCC-Rh in 0.1 M HClO~4~ display a redox wave at −0.03 V vs NHE. This wave shifts −59 mV/pH unit ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)) and is attributed to the two-proton, two-electron reduction of the pyrazine linkage to dihydropyrazine, in line with previous studies.^[@ref50],[@ref52]^ Irrespective of pH, the pyrazine wave is followed by a catalytic wave for HER that onsets well before the background of a phenazine-modified electrode ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--[2](#fig2){ref-type="fig"}f and [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). Notably, we do not observe redox features that can be attributed to the Rh^III/I^ couple at any pH. At pH 1, 4, 7, 9, and 13, HER occurs with a turnover frequency (TOF) of 1 s^--1^ at overpotentials of 0.30, 0.29, 0.33, 0.38, and 0.38 V, respectively ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, blue dots, and [Figures S7--S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf); see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf) for details of TOF calculations). The catalytic onset shifts by −68 mV/pH unit, which is similar to the shift of the overall thermodynamic potential of HER. Remarkably, the catalytic activity of GCC-Rh does not correlate to *E*~1/2~(Rh^III/I^) for RhCp\*(bpds)OH~2~ at all; we observe catalysis even under conditions in which *E*~1/2~(Rh^III/I^) for the molecule lies at a 0.13 V *underpotential* to HER (pH 13 on [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). This unprecedented behavior demonstrates that GCCs circumvent the known scaling relationship between *E*~1/2~ and the rate of a molecular electrocatalyst.^[@ref43]−[@ref45]^

Rh Sites Are the Active Sites in GCC-Rh {#sec2.4}
---------------------------------------

A series of studies establishes that the molecular Rh center is the active site for HER at GCC-Rh across the pH range. X-ray photoelectron spectroscopy (XPS) data establish the fidelity of the Rh sites after HER catalysis ([Figures S12--S18](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). High-resolution XPS data collected after 10 min of catalysis in each electrolyte show N/Rh ratios at or near the expected value of 4:1 ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)) and Rh 3d~5/2~ peaks centered around 309.3 eV, consistent with Rh^III^ ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)).^[@ref58],[@ref59]^ This Rh binding energy is 2.3 eV positive of the expected 3d~5/2~ peak for Rh^0^,^[@ref59],[@ref60]^ suggesting that there is no formation of Rh nanoparticles during electrolysis. Together, these data demonstrate that the Rh sites maintain their molecular fidelity even under electrocatalytic conditions. Furthermore, the catalytic activity of GCC-Rh in 0.1 M HClO~4~ was immediately suppressed upon introduction of CO to the electrolyte ([Figure S19](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)), whereas CO had a negligible effect on the background activity of the electrode ([Figure S20](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). These observations indicate that CO selectively and irreversibly poisons the Rh sites and that these are the sites of catalysis.

Conjugation to Graphite Is Essential for the Unique Activity of GCC-Rh {#sec2.5}
----------------------------------------------------------------------

GCC-Rh contains a phenazine linkage that is redox active unto itself. To probe the role of the phenazine unit in the catalytic activity of the molecule, we also examined the redox behavior of a water-soluble Rh molecule containing a phenazine moiety fused to the phenanthroline ligand, \[RhCp\*(dppz-SO~3~)OH~2~\]^+^ (dppz-SO~3~ = dipyrido\[3,2-a:2′,3′-c\]phenazine-11-sulfonate) across the pH range ([Figures S21--S23](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). Phenazine redox waves are observed in addition to the Rh^III/I^ wave, but the overlap of the two features prevents unambiguous assignment at all pH values. Nonetheless, the presence of the phenazine moiety does not dramatically alter the catalytic behavior of the molecule. Like those of RhCp\*(bpds)OH~2~, CVs of \[RhCp\*(dppz-SO~3~)OH~2~\]^+^ display catalytic current at pH 1 and pH 3, but display no catalytic activity at pH 7 or pH 13 ([Figures S21--S23](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). These observations indicate that the mere presence of a phenazine moiety in the ligand backbone is insufficient to lead to HER catalysis across the pH range and that the graphite itself plays the critical role in defining the divergent reactivity of GCC-Rh.

GCC-Rh Proceeds through Rate-Limiting Concerted Proton--Electron Transfer {#sec2.6}
-------------------------------------------------------------------------

Mechanistic investigations provide a basis for understanding why GCC-Rh can catalyze HER over the entire pH range, while the molecule cannot. To probe the mechanism of HER catalysis at GCC-Rh, we collected steady-state current density vs potential (Tafel) data at pH 1 (0.1 M HClO~4~, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) and pH 13 (0.1 M NaOH, [Figure S24](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). Control experiments establish that these data are not subject to transport limitations or significant deactivation over the course of data collection ([Figures S25--S28](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)) and therefore reflect the intrinsic activation-controlled kinetics of HER. At pH 1 and pH 13, we observe Tafel slopes of 110 mV dec^--1^ and 200 mV dec^--1^, respectively. These slopes correspond to transfer coefficients, α, of 0.5 and 0.3 and are consistent with rate-limiting first-electron transfer from the catalyst resting state.^[@ref18],[@ref61]−[@ref64]^ Importantly, the Tafel data exclude a mechanism in which the Rh center is reduced by one or two electrons prior to rate-limiting activation of H^+^, as those pathways would give rise to α values of exactly 1 or 2, respectively.^[@ref65]^ (See [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf) for derivations of α values corresponding to different mechanistic pathways.) Furthermore, CV data collected in 1 M perchloric acid establish an H/D kinetic isotope effect (KIE) of 2.0 ± 0.1 ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [S29--S30](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf); see Supporting Information for details on computing the H/D KIE), indicating that proton transfer is also involved in the rate-limiting step.^[@ref66],[@ref67]^ Together, the kinetic data are consistent with rate-limiting CPET for HER catalysis at GCC-Rh ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). In [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, we invoke the formation of a R−H bond, but we acknowledge that PT could occur to the Cp\* ring as well.^[@ref40],[@ref201]^ Irrespective of the site of PT, the data indicate that changes in the applied potential *directly* impact the free energy of H^+^ activation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).

![(a) Potential vs activation-controlled current density for HER at GCC-Rh in 0.1 M HClO~4~. The Tafel slope is 110 mV dec^--1^. (b) Cyclic voltammograms (5 mV s^--1^) of GCC-Rh in 1 M HClO~4~ in H~2~O (black) and D~2~O (blue).](ja9b04981_0004){#fig4}

![Proposed Mechanism for HER at GCC-Rh\
"RLS" denotes the rate-limiting step.](ja9b04981_0008){#sch2}

Rh valency in GCC-Rh Remains Constant during Catalysis {#sec2.7}
------------------------------------------------------

To directly probe the valency of the GCC-Rh sites during HER, we collected in situ X-ray absorption near edge structure (XANES) spectra. The XANES edge is sensitive to the oxidation state and coordination environment of the element being probed; indeed, there is a significant difference in both the position and shape of the Rh K-edge in the model complexes \[Rh^III^Cp\*(phen)Cl\]^+^ (phen = phenanthroline) and Rh^I^Cp\*(phen) ([Figure S31](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)).^[@ref52]^ In situ XANES data collected on GCC-Rh samples at the open circuit potential (∼0.65 V vs NHE in 0.1 M HClO~4~ and ∼0.15 V vs NHE in 0.1 M NaOH) and during HER catalysis in 0.1 M HClO~4~ (−0.55 V vs NHE) and 0.1 M NaOH (−1.16 V vs NHE) are all identical (Rh K-edge of 23,229.0 eV) ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [S32](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b04981/suppl_file/ja9b04981_si_001.pdf)). These potentials are \>0.1 V and 0.54 V more negative than *E*~1/2~(Rh^III/I^) for the molecule at pH 1 and pH 13, respectively. Remarkably, even over this vast potential range, we do not observe a Rh^I^ species during catalysis.

![First derivative plot of in situ Rh K-edge X-ray absorption near edge structure spectra of GCC-Rh in 0.1 M HClO~4~ at the open circuit potential (∼0.65 V vs NHE) (black) and −0.55 V vs NHE (blue).](ja9b04981_0005){#fig5}

Mechanistic Model {#sec2.8}
-----------------

The unique catalytic behavior of GCC-Rh can be fully accounted for by the strong electronic coupling between the Rh center and the graphite electrode. A cartoon model comparing ET at RhCp\*(bpds)OH~2~ with ET at GCC-Rh is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. In each panel, the electronic structure of the glassy carbon electrode consists of filled states (gray) and unfilled states (beige). The transition between the filled and unfilled states is the Fermi level of the electrode, *E*~F~, which is the potential directly measured or applied by a potentiostat. *E*~F~ has both "chemical" contributions that depend on the composition of the electrode material and can be approximated by the work function *and also* has contributions from the electrostatic potential difference between the electrode and the solution.^[@ref61]^ In this paper, we refer to the "electrostatic potential" explicitly, and all other uses of the word "potential" refer to electrochemical potential. The dotted red lines denote the electrostatic potential drop between *E*~F~ and the solution. The potential of zero free charge, *E*~PZFC~, is the electrochemical potential at which there is no electrostatic potential drop at the interface and is related to the work function of the electrode.^[@ref61]^ The top two panels in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} show outer-sphere reduction of RhCp\*(bpds)OH~2~, in which the Rh molecule lies outside of the electrical double layer (EDL). For a glassy carbon electrode, *E*~PZFC~ is positive of the reduction potential of the molecule (*E*~1/2~(Rh^III/I^)), and therefore, when *E*~F~ is equal to *E*~PZFC~, there is insufficient driving force for ET (top left). Applying a more negative potential to the electrode raises *E*~F~ and generates an interfacial electric field that shifts the energies of the electronic states of the electrode relative to the species in solution (top right).^[@ref61]^ When the applied potential approaches *E*~1/2~(Rh^III/I^)), electrons cross the double layer to reduce the Rh molecule, and electrons from the external circuit fill the resulting holes in the graphite electrode, giving rise to the observed current. If the electrolyte contains a strong enough proton donor (i.e., in low-pH electrolytes), PT occurs to the Rh^I^ species to form a Rh--H intermediate, which can then go on to mediate HER catalysis.

![Proposed interfacial free energy diagrams for unmodified electrodes with dissolved RhCp\*(bpds)OH~2~ molecules (top) and GCC-Rh electrodes (bottom). In each panel, the gray denotes the filled band states of the electrode, the beige denotes the unfilled band states, and the dotted horizontal black line between the filled and unfilled states denotes the Fermi level of the electrode, *E*~F~. The approximate edge of the electrical double layer, EDL, is denoted by a vertical dotted black line. The reduction potential of the molecule (*E*~1/2~(Rh^III/I^)) and the potential for formation of a Rh--H species at the GCC site (*E*(Rh + H^+^/Rh--H)) are depicted with dotted gray and blue lines, respectively. The electrostatic potential across the EDL is indicated by the dotted red line, and the potential of zero free charge (*E*~PZFC~), at which the electrostatic potential drop vanishes, is also indicated with a dotted gray line. For RhCp\*(bpds)OH~2~, varying *E*~F~ drives outer-sphere two-electron transfer to the Rh. For GCC-Rh (bottom), varying *E*~F~ shifts the electrostatic potential of the surface, simultaneously shifting the energy levels of the Rh acceptor states, and preventing Rh-centered reduction. The electrostatic potential of the surface drives proton transfer to Rh with internal electron rearrangement to make the Rh--H bond.](ja9b04981_0006){#fig6}

In GCC-Rh, rather than residing outside of the EDL, the Rh site is strongly electronically coupled to the electrode and resides inside the EDL.^[@ref52]^ Consequently, as *E*~F~ is varied from *E*~PZFC~ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, bottom left), the orbitals of the conjugated Rh center shift along with the electronic states of the solid ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, bottom right). Thus, changes in the applied potential at the electrode do not alter the driving force for ET between the graphite electrode and the Rh sites, and outer-sphere reduction of the Rh species never occurs.^[@ref52]^ This phenomenon explains why we do not observe Rh^III/I^ redox features in CVs of GCC-Rh. It also explains why we observe overlapping XANES spectra across the entire 1.8 V range examined, and why there is no change in the XANES edge even at potentials 0.54 V more negative than *E*~1/2~(Rh^III/I^). The fact that outer-sphere ET cannot occur between the Rh sites and the electrode in GCC-Rh explicitly excludes all reaction pathways that proceed through reduction of the conjugated Rh center prior to Rh--H bond formation.

This phenomenon does *not* exclude catalysis at GCC sites that proceeds through inner-sphere ET pathways. Although varying the potential does not alter the driving force for ET between the conjugated site and the electrode, it does alter the driving force for ion transfer between the GCC site and the solution.^[@ref52]^ In the context of hydrogen evolution catalysis, this means that when the potential is sufficiently negative ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, bottom), the interfacial electric field drives protons across the double layer to the conjugated Rh site. When the proton binds to the Rh site, the strong electronic coupling provided by the conjugated linkage ensures that electron flow is concerted with H^+^ transfer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Importantly, in this model, binding one positively charged proton per Rh site leads to obligatory *compensatory* one-electron transfer from the external circuit in order to hold the potential of the electrode constant. This net proton--electron stoichiometry for forming Rh--H bonds is consistent with the rate-determining one-proton, one-electron CPET step indicated by the Tafel data ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The proton--electron stoichiometry in the elementary CPET steps is a reflection of the electrosorption valence of the proton, which is the net charge passed from the external circuit per adsorption event.^[@ref61]^ Following one-electron, one-proton interfacial CPET, we invoke the formation of a Rh--H intermediate that we still view as a metal hydride. The two electrons localized in the Rh--H bond can come from rapid internal rearrangement of electrons from the band states of the solid^[@ref68]^ even though this net process only involves transfer of one electron from the external circuit to balance the adsorption of one proton. We also note that the subsequent protonation of the Rh--H to form H~2~ involves transfer of a second proton across the double layer and, correspondingly, will lead to a second electron transfer from the external circuit, thereby completing the overall two-electron stoichiometry of HER. We note that, in this sense, the mechanism for HER at GCC-Rh is identical to the mechanism for HER at bulk metal electrodes such as Ag and Au, which also proceed through unmediated one-proton, one-electron CPET steps.^[@ref18],[@ref35],[@ref63],[@ref64],[@ref69],[@ref70]^

The fact that outer-sphere ET cannot occur between the Rh sites and the electrode in GCC-Rh renders the outer-sphere reduction potentials of the molecular fragment irrelevant in determining the driving force for forming the GCC-Rh--H intermediate. We have previously demonstrated that PCET reactions occur at GCC sites irrespective of the redox properties of the molecular analogue.^[@ref71]^ In particular, we have shown that, for GCCs, the driving force for PCET is given by the intrinsic affinity of the conjugated site for binding H^+^*and* the magnitude of the interfacial electric field that attracts H^+^ to the GCC site.^[@ref71]^ In the context of GCC-Rh, negative polarization of the electrode increases the interfacial field strength and consequently increases the driving force for H^+^ binding to the GCC-Rh site ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} bottom right). Thus, unlike for the Rh molecule, the driving force for PCET to GCC-Rh is directly dependent on *E*~applied~. Increasing the overpotential by applying a more negative potential raises the Fermi level of the electrode, *directly* increasing the driving force for Rh--H bond formation ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) and the rate of catalysis. Similarly, changing the p*K*~a~ of the proton donor directly changes the driving force for forming the Rh--H bond. For GCC-Rh, this change in proton transfer driving force can be fully compensated for by the increased interfacial electric field strength experienced by the Rh center at more negative applied potentials. This critical distinction is what makes GCC-Rh active for HER catalysis across the entire pH range. This phenomenon cannot occur in a typical redox mediation pathway because, as highlighted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, the basicity of the operative reduced Rh molecule is intrinsic to its coordination environment and redox potential, but is independent of *E*~applied~.

Importantly, this direct, unmediated electrocatalytic mechanism is a result of the strongly coupled aromatic linkage rather than the primary coordination environment or metal ion present in the active site, and therefore *any* conjugated molecular catalyst is expected to proceed through pathways in which substrate activation is concerted with electron flow. Indeed, this mechanistic model explains the previously reported promotion of CO~2~ reduction catalysis at conjugated Re(phen)(CO)~3~Cl (GCC-Re) relative to the molecular analogue.^[@ref51]^ The molecular Re catalyst is believed to proceed exclusively through pathways involving stepwise ET and substrate bond rearrangement.^[@ref72]−[@ref74]^ These pathways lead to a 60 mV dec^--1^ scaling in overpotential and a reaction rate that reaches a maximum beyond the reduction potential of the molecule. In stark contrast, GCC-Re displays a 150 mV dec^--1^ scaling in overpotential and reaction rate, which continues to increase \>0.5 V past the plateau current for the molecular catalyst.^[@ref51]^ These mechanistic features for CO~2~ reduction at GCC-Re resemble those observed for HER at GCC-Rh, indicating that increasing the electrode potential directly increases the driving force for substrate bond activation across diverse reactions and metal centers. In this respect, GCC active sites behave like metallic solids, but with an unprecedented degree of molecular control.

Conclusion {#sec3}
==========

The unique combination of metallic electronic structure and molecular-level control over the active site in GCCs has broad implications for catalyst design. The metallic electronic structure of the solid eliminates the outer-sphere reduction potential of the molecular fragment as a design consideration. The ability to tune the local environment^[@ref6],[@ref8],[@ref14],[@ref33]^ of the active site at the molecular level enables synthetic optimization of the metal-substrate bond strength and kinetics of substrate activation. Together, these factors enable the rational synthesis of molecularly precise energy conversion catalysts that maximize reaction rate and energetic efficiency.
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